ABSTRACT A total of 86 profiles from meat and egg strains of chickens (male and female) were used in this study. Different flexible growth functions were evaluated with regard to their ability to describe the relationship between live weight and age and were compared with the Gompertz and logistic equations, which have a fixed point of inflection. Six growth functions were used: Gompertz, logistic, Lopez, Richards, France, and von Bertalanffy. A comparative analysis was carried out based on model behavior and statistical performance. The results of this study confirmed the initial concern about the limita-(Key words: age, growth functions, live weight, meat and egg strains of chickens)
INTRODUCTION
Growth functions can be grouped in three categories: those that only represent diminishing returns behavior (e.g., monomolecular, exponential with abrupt cut-off), those describing smooth sigmoid behavior with a fixed point of inflection (e.g., Gompertz, logistic), and those encompassing sigmoid behavior with a variable (flexible) point of inflection (e.g., von Bertalanffy, Richards). The flexible functions are generalized models that encompass simpler models for particular values of an additional parameter. For example, the Richards equation encompasses the monomolecular (n = −1), Gompertz (n = 0) and logistic (n = 1) equations for particular values of parameter n. For the Richards equation, the point of inflection occurs at any fraction of the mature weight, as n varies over the range − 1 < n < ∞. The von Bertalanffy equation, a forerunner of the Richards, has a point of inflection, which is able to occur between 0.296 and 0.368 of the final weight. The Lopez and the France equations, like the Richards, provide a flexible growth function capable of describing sigmoidal and diminishing returns behavior (France et 2003 Poultry Science Association, Inc. Received for publication August 15, 2002 . Accepted for publication May 6, 2003. 1 To whom correspondence should be addressed: ekebreab@ uoguelph.ca.
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tion of a fixed point of inflection, such as in the Gompertz equation. Therefore, consideration of flexible growth functions as an alternatives to the simpler equations (with a fixed point of inflection) for describing the relationship between live weight and age are recommended for the following reasons: they are easy to fit, they very often give a closer fit to data points because of their flexibility and therefore a smaller RSS value, than the simpler models, and they encompasses simpler models for the addition of an extra parameter, which is especially important when the behavior of a particular data set is not defined previously. al., 1996; Lopez et al., 2000) . These two functions have parallels with the Gompertz in that they can be derived from rate:state principles using a time dependent rate parameter that exhibits asymptotic behavior, but, unlike the Gompertz, they are not restricted to asymptotic decline.
Historically, the Gompertz equation has been the function of choice for describing growth in broilers. Wilson (1977) suggested that the Gompertz equation is applicable to avian species, and Tzeng and Becker (1981) fitted this equation to growth data for broiler chickens. The later study was aimed primarily at relating abdominal fat growth curves to total carcass fat. Ricklefs (1985) pointed out that the purpose of curve fitting is to describe the course of mass increase with age by simple equations with few parameters. He mentioned four growth functions: the Gompertz, von Bertalanffy, logistic, and Richards. However, he restricted his attention largely to the Gompertz equation, stating that the growth of most galliforms, including poultry, conforms closely to the shape of the 
1/υ 1 NAE = no analytical expression exists. The point of inflection has to be determined numerically.
in data accounted for by the function (R 2 ), was very high for major carcass components (0.99), although the R 2 values were considerably lower for minor components.
The Gompertz, however, has the limitation of a fixed point of inflection which occurs at 1/e (= 0.368) times the final weight (France and Thornley, 1984) . Unlike the Gompertz and logistic, flexible growth functions have a variable point of inflection occurring somewhere between the initial and the final live weight dependent on the different functions. Hence, in the present study, different flexible growth functions are evaluated with regard to their ability to describe the relationship between live weight and age in broilers and are compared with the Gompertz and logistic.
MATERIALS AND METHODS

Growth Models
The general differential form of a growth function is dW/dt = f (W, t), which means that the growth rate of a biological system is dependent on the live weight and time. The use of growth functions is often empirical, and the form of the function is chosen by its ability to fit the data. A growth function, however, can characterize some underlying physiological or biological mechanism or constraint. The growth functions used in this study are in the form (France and Thornley, 1984 , unless stated otherwise): Gompertz: (Lopez et al., 2000) Richards: France et al., 1996) von Bertalanffy:
where W is live weight; t is time; W f is the final weight; 
Data Sources
Eighty-six profiles of live weight with age obtained from the literature, covering male and female meat and egg strains of chickens, were used in this study. Details on source, growth phase, sex, strain, and some dietary characteristics of these data are shown in Table 2 . Leeson and Summers (1980) 0-70 1 1 Broilers - Leeson and Summers (1989) 7-140 0 6 Leghorn Regular environment. Exp. 1 different dietary energy content Leeson and Summers (1989) 7-140 0 6 Leghorn Regular environment. Exp. 3 different dietary protein content Leeson and Summers (1997) 0-154 0 1 Egg strain - Leeson and Summers (1997) 0-56 1 0 Broilers - Leeson and Summers (1997) 0-56 1 0 Broilers - Leeson and Summers (1997) 0-56 1 0 Broilers - Leeson and Summers (1997) 0-56 1 0 Broilers - Leeson and Summers (1997) Waldroup et al. (1976) 7-63 6 6 Broilers Different starter and finisher diets Walker et al. (1995) 0-70 5 0 Ross Different energy-lysine ratios Wilson et al. (1975) Data not directly experimental but produced by compositing and smoothing data from various sources.
Statistical Procedures
The growth functions were fitted to the data using the nonlinear procedure of SigmaPlot (SPSS, 1998) . The comparison of the models was carried out according to model behavior when fitting the curves using nonlinear regression and statistical performance. A number of statistical analyses were used to evaluate the general goodness-of-fit of each model. The adjusted proportion of variation accounted for (r 2 ) was calculated as 1
, where RSS (the residual sum of squares) is a measure of the variability in live weight remaining after the age variable (the regressor variable) has been considered, n is number of data points, p is number of parameters included in the model, and S 2 y (the total variation of the y-variable) is a measure of the variability in live weight without considering the effect of the age variable.
The RSS was used to compare the models when fitted to the data, so that the fit with the lower RSS with the same number of parameters was, in principle, superior. The statistical significance between models in terms of the goodness-of-fit was assessed using an F test. For models with the same number of parameters, an F-statistic (F) test in the form:
was used, in which both numerator and denominator have n − p degrees of freedom, SS is residual sum of squares, and the subscripts 1 and 2 refer to the fit with bigger and smaller RSS values, respectively (Motulsky and Ransnas, 1987) . Comparing two models with a different number of parameters is less straightforward because increasing the number of parameters gives more flexibility to the curve-fitting procedure and almost always leads to a curve that is closer to the points. Whether the improved fit is worth the cost (in lost degrees of freedom) of the additional parameter or parameters is usually answered statistically by performing an F test with the following equation:
where SS is the sum of squares and df is the number of degrees of freedom. The subscript 1 refers to the fit with fewer parameters, the simpler model (Motulsky and Ransnas, 1987). 
RESULTS
Limitations on space prevent the presentation of the results for all 86 profiles. Therefore, as an example, model behavior for the six growth functions is illustrated in Figures 1 and 2 and the estimated parameters are given in Tables 3 and 4 for male and female profiles, respectively. The results indicate that the growth functions could be fitted to the profiles without difficulty by nonlinear regression, although the France and von Bertalanffy equations were sensitive to choice of initial values. The logistic equation was not able to show a suitable fit, based on model behavior, to the profiles, but the other growth functions provided an excellent fit (e.g., Figures 1 and 2 ). Contrary to Ricklefs (1985) , who stated that the fitted parameters using the Richards are difficult to interpret biologically, this study shows that fitting the Richards equation can lead to meaningful biological indicators.
Based on r 2 comparison, with a minimum and maximum value of 98.87 and 99.99% for male profiles and a minimum and maximum value of 98.67 and 99.99% for female profiles, no model was significantly better than the other. However, based on the RSS values, the results showed some important differences between the models in their ability to describe the relationship between live weight and age (Tables 3 and 4) . Fitting the growth functions to both male and female profiles nearly always led to the lowest and highest RSS values for the Richards and logistic equations, respectively, indicating that the data are better described by Richards equation than any other equation. The Gompertz was superior to the logistic because the fit to the profiles led to a lower RSS values and therefore a better fit to the data.
The statistical differences between the models, based on the RSS value, for the models with the same and with different numbers of parameters are shown in Table 5 . Comparison of the logistic and the Gompertz equations (which have the same number of parameters) based on this criterion showed that the Gompertz led to a better fit than the logistic. Fitting the Gompertz to the profiles led to statistically significant differences in 30 cases out of 44 (68%) in males and to 38 cases out of 42 (91%) in females when compared to the logistic. Comparing the Richards with the Gompertz (which has a different number of parameters), the Richards equation was superior to the Gompertz for only nine (21%) of male profiles, but for the females it was superior to the Gompertz in 26 cases out of 44 (62%).
The other flexible growth functions (with exception of the France equation) showed the same trend as the Richards equation, but they were less suitable than the Richards. The von Bertalanffy and Lopez equations, based on the RSS values, sometimes led to a poorer fit when compared to the Gompertz, but this was never seen for the Richards. Poorer fits of the von Bertalanffy and Lopez equations occurred less with the female profiles than with the male, which is in agreement with the results obtained for the Richards equation. The Richards showed a statistically better fit to the female profiles than to the male when compared to the Gompertz. A summary of the comparisons between the growth functions based on statistically significant parameter estimates is given in Table Hancock et al. (1995) , and N = NRC (1994). Hancock et al. (1995) , and N = NRC (1994). Based on an F test (Motulsky and Ransnas, 1987) .
2
Percentage of cases in which the model specified in the column was statistically superior to the model specified in the row. *Significant at P ≤ 0.05. **Significant at P ≤ 0.01.
3
Percentage of cases in which the sum of squares for the model specified in the column was smaller than that of the model specified in the row but the difference was not statistically significant (P > 0.05).
4
Percentage of cases in which the sum of squares for the model specified in the row was smaller than the flexible growth functions (the more complex models). In such instances, it was assumed that the simpler models are better.
by guest on January 21, 2016 http://ps.oxfordjournals.org/ Downloaded from TABLE 6. A summary of the performance of the models based on statistically significant parameters (P ≤ 0.05) estimated by each model in terms of percentage of the total fits for male (M) and female (F) profiles Gompertz  100 100 100 100 100 100  Logistic  100 100 100 100 100 100  Lopez  95  98  65  58  90  98 100 95  Richards  93  93  71  49  91  86  19 51  von Bertalanffy  93  95  75  57  88  93  12 34  France  70  84  16  23  32  65  16 49  2  2 6. Based on this criterion, while the Gompertz and logistic always led to significant parameter estimates, the performance of the flexible functions was variable and was dependent on the data source as well as on the model.
DISCUSSION
Historically, the Gompertz has been the function of choice for describing growth in broilers, although growth curves of the same or different species are not necessarily best described by the same equation (Ricklefs, 1967) . However, the Gompertz has the possible limitation of a fixed point of inflection that occurs at 1/e (= 0.368) times the final weight (France and Thornley, 1984) . Therefore in the present study, four flexible growth functions, the Lopez, the Richards, the France, and the von Bertalanffy, were evaluated with regard to their ability to describe the relationship between live weight and age in broilers and compared with two functions with a fixed point of inflection, namely the Gompertz and the logistic.
Comparison of the models based on their behavior (Figures 1 and 2 as an example) showed that with exception of the logistic equation, the other growth functions always gave a suitable fit to the profiles. Making a comparison based on r 2 values, r 2 > 0.98, it is clear that none of the models is significantly better than the others based on this criterion. Comparison between the models based on RSS values, however, indicated some important and statistically significant differences between them. The Richards and logistic equations gave the best and the worst fits, respectively, to the profiles. Also, based on RSS values, the Richards was superior to the Gompertz both for male and female profiles.
Comparisons based on the statistical significances between the RSS values of models indicated that there are significant differences between the models. Here, the interesting choice lies between the Richards equation (a generalized four-parameter growth function) and its special case, the Gompertz equation. Based on this criterion and depending on the sex (for female more than the male profiles), the Richards showed superiority to the Gompertz. Considering parameter estimates statistically, the Gompertz and logistic equations always led to significant parameter estimates, but the ability of the flexible growth functions to provide statistically significant parameters was variable. Ability was dependent on the data source as well as the choice of function (Table 6 ). Although the flexible growth functions did not always lead to statistically significant parameter estimates, this should not be the sole criterion in selecting a growth function. With the logistic, for example, the RSS values and biologically meaningful parameters did not suggest a suitable fit to the different profiles, but fitting the equation in all cases led to statistically highly significant parameter estimates.
In conclusion, the results of this study confirmed our initial assumption that the fixed point of inflection in the Gompertz equation can be a limitation. Consequently, consideration of flexible growth functions (especially the Richards) as an alternative to the Gompertz is worthwhile for the following reasons: (1) they are easy to fit and fitting them to growth data leads to biologically meaningful parameters, (2) because of their flexibility, they very often give a closer fit to data points and therefore a smaller RSS value than the simpler equations, and (3) they encompass simpler models for additional parameters, and this is especially important when the behavior of a particular data set is not defined previously.
